Introduction
============

Prediabetes is a state of altered glucose homeostasis associated with a high risk of progression to type 2 diabetes in adults and children ([@b1-jomb-2014-0062], [@b2-jomb-2014-0062]). This condition is characterized by isolated impaired fasting glucose (IFG), isolated impaired glucose tolerance (IGT), and combined IFG/IGT ([@b2-jomb-2014-0062]). The prevalence of prediabetes varies depending on the population studied. In the US it could be from 4.1--4.5% in children recruited from the community, up to 25% in an obesity clinic ([@b3-jomb-2014-0062]). In the last 20 years we have observed a dramatic increase in the percentage of adolescents with IGT, from 1.76% in 1998 to 23% in 2008 ([@b4-jomb-2014-0062]). Based on data from the 1999--2000 and 2001--2002 National Health and Nutrition Examination Surveys (NHANES), the most recent estimate for the prevalence of IFG among U.S. adolescents is 11% ([@b5-jomb-2014-0062], [@b6-jomb-2014-0062]). In contrast, more recent data from the pilot STOP-T2DM, a school based study, reported an unexpectedly high percentage (40.5%) of youth with IFG ([@b7-jomb-2014-0062]). Thus, a substantial number of youngsters in the United States have IFG. The prevalence of impaired glucose regulation in Serbia was reported to be 15.9% among patients in an obesity clinic ([@b8-jomb-2014-0062]). This increase reflects the obesity epidemic and is more common in those with family history of type 2 diabetes ([@b9-jomb-2014-0062]). However, the pathophysiology of prediabetes and its progression to type 2 diabetes in children are not well understood. Studies in pediatrics using different methodologies have shown conflicting results ([@b1-jomb-2014-0062], [@b9-jomb-2014-0062]--[@b11-jomb-2014-0062]). Obese children and adolescents with IGT were reported to have higher BMI and worse fasting indices of insulin resistance compared with those with NGT, but insulin secretion was estimated to be similar between the two groups. Also, it was recently suggested that HbA1c (5.7--6.4%) could be used as a diagnostic criterion for prediabetes in the adult population ([@b2-jomb-2014-0062]). In view of the fact that puberty increases IR, we wanted to screen for prediabetes in a group of pubertal children from our obesity clinic ([@b12-jomb-2014-0062]).

Methods
-------

The study population consisted of 102 patients: a study group of 85 obese patients and 17 normal weight controls. All patients were of Caucasian origin, 60 M/42 F, aged 7.4--18.3 yrs (mean 13.4±2.6, median 13.4). Obese patients were recruited from the Pediatric Obesity Clinic at the University Children's Hospital in Belgrade, a tertiary-care center. The study was conducted between 2010 and 2013. The main inclusion criteria were obesity (defined as BMI \> 97^th^ percentile) and puberty. Patients with chronic diseases, syndromic or secondary obesity, including previously diagnosed T2DM or hypothyroidism, were excluded from this study. The study was approved by the University Children's Hospital Ethics Board and informed consent was obtained. A detailed medical and family history was captured for all subjects, including family history of type 2 diabetes or maternal history of gestational diabetes and presence of complications secondary to obesity (hypertension, fatty liver). Physical examination included measurements of height and weight, evaluation for the presence of acanthosis nigricans, and assessment of pubertal stage (on the basis of breast development in girls and testicular volume in boys), according to the criteria of Marshall and Tanner ([@b13-jomb-2014-0062], [@b14-jomb-2014-0062]). Body mass index (BMI) was calculated as the weight in kilograms divided by the height in meters squared. Children with BMI values greater than the 97^th^ percentile for age and gender were classified as obese ([@b5-jomb-2014-0062]). To compare BMI values across different ages and by gender, the BMI SDS was calculated with the Centers for Disease Control and Prevention 2000 reference ([@b15-jomb-2014-0062]).

After a 12-h overnight fast, blood samples were obtained for laboratory evaluation of fasting glucose and insulin, triglycerides, total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, liver enzymes, CRP and HbA1c. A standard (1.75 g/kg body weight (up to 75 g)) oral glucose tolerance test (oGTT) was performed in 72 patients (84.7%). Blood samples for measurements of plasma glucose and insulin were obtained at baseline (fasting) and every 30 min for 120 min after an oral glucose load. Normal glucose regulation was defined as fasting glucose \< 5.6 mmol/L and 120 min glucose \< 7.8 mmol/L. Impaired fasting glucose (IFG) was defined as a fasting glucose level of 5.6--6.9 mmol/l and IGT was defined as a 120-min glucose level of 7.8--11.0 mmol/L. The term prediabetes was used for all subjects with IFG and/or IGT ([@b16-jomb-2014-0062]). Pubertal development was assessed according to the Tanner stages and categorized into 2 groups: early puberty (Tanner stages II and III) and late puberty/postpubertal (Tanner stages IV and V). The gold standard methods for measuring insulin sensitivity and pancreatic β-cell function are the hyperinsulinemic--euglycemic clamp and hyperglycemic clamp, respectively ([@b17-jomb-2014-0062]). However, because these procedures are invasive and labor-intensive, we used simple surrogate measures that have been shown to correlate with the clamp procedures ([@b18-jomb-2014-0062]--[@b21-jomb-2014-0062]).

Insulin resistance was estimated by the homeostatic model assessment (HOMA-IR), insulin sensitivity by the ratio of fasting glucose to fasting insulin (FGIR), the quantitative insulin sensitivity check index (QUICKI) and whole body insulin sensitivity (WBISI) ([@b21-jomb-2014-0062]--[@b23-jomb-2014-0062]). A low QUICKI was reported to predict the development of diabetes in adults ([@b21-jomb-2014-0062]). Pancreatic β-cell function was anticipated by the HOMA-derived β-cell function (HOMA%B) and insulinogenic index (IGI), calculated as the ratio of the increase in the insulin level to the increase in the glucose level during the first 30 min of the oral glucose tolerance test ([@b23-jomb-2014-0062], [@b21-jomb-2014-0062]).

The calculations were as follows: HOMA-IR= (fasting insulin (μU/mL) fasting glucose (mmol/L)/22.5); insulin resistance was defined as HOMA-IR\>2; FGIR in mmol/L × 22.5 for glucose and U/mL for insulin; QUICKI=1/\[log (fasting insulin (U/mL))+log (fasting glucose × 22.5 (mmol/L))\]; impaired insulin sensitivity was defined as QUIC-KI\<0.339 ([@b21-jomb-2014-0062]). Whole body insulin sensitivity (WBISI) =10,000/\[fasting insulin (lU/mL) · fasting glucose × 22.5 (mmol/L)\] · (mean insulin (lU/mL) over 2 h · mean glucose × 22.5 (mmol/L) over 2 h), HOMA %B=20 fasting insulin (μU/mL)/(fasting glucose (mmol/L)-3.5); as reported by Matthews et al. ([@b23-jomb-2014-0062]).

Serum glucose was measured by the hexokinase method using an automated analyzer (Dimension RxLMax, Siemens, USA). Total cholesterol, triglycerides, LDL and HDL cholesterol concentrations were measured by an enzymatic colorimetric method on an automated analyzer (Dimension RxLMax, Siemens, USA). Serum insulin concentrations were measured by an immunometric assay with the CMIA method (Chemiluminescent Microparticle Immunoassay, Architect and 1000 Abbott Diagnostics). HbA1C levels were measured by the TINIA -- turbidimetric inhibition immunoassay (Dimension RxLMax, Siemens, USA) (normal range: 4.8--6.0%).

Statistical analysis
--------------------

Pearson's test, Kruskal Wallis χ^2^ test or Fisher's exact test were used for the analysis of differences in discrete variables, as appropriate, and analysis of variance (ANOVA) was used for continuous variables. Correlations between continuous variables were analyzed with Pearson's correlation. Probability values of less than 0.05 were considered to be significant, and values are expressed as frequencies or means ± SD unless otherwise stated.

Results
=======

Patient characteristics
-----------------------

Baseline data are presented in [Table I](#tI-jomb-2014-0062){ref-type="table"}. Based on the degree of obesity, obese patients were divided into Group 1 (moderate obesity, BMI SDS between 1.5 and 3) and Group 2 (severe obesity, BMI SDS \> 3). Groups were comparable and did not differ by age, gender and pubertal stage. Patients in Group 2 became obese earlier in life than patients in Group 1 (5.5 vs 6.3), although it was not significant. Waist circumference (107.6±12.3 vs 97.8±11.2, p=0.008) and CRP (3.1±1.3 vs 6.3±5.0, p=0.001) were significantly higher in the more obese patients. Fasting glucose was not different between the groups, but more obese patients had higher fasting insulin (25.2±20.6 vs 17.2±7.4, p=0.004) and HOMA-IR values (5.4±4.4 vs 3.7±1.7, p=0.01).

All patients were pubertal, according to the study design. We divided patients into two groups according to their Tanner stage: Early Puberty (Tanner 2--3) and Late Puberty (Tanner 4--5). Those two groups were not different with respect to the obesity indexes, fasting insulin and HOMA values, but patients in the late puberty stage had higher fasting glucose (5.1±0.6 vs 4.6±0.6, p=0.01), compared with those in early puberty.

HOMA-IR values were above 2.0 in 94% of the obese patients, being higher in the more obese patients. Insulin values from oGTT strengthened the insulin resistance: insulin at 120 min \> 75 μU/mL in 93%, peak insulin \> 150 μU/mL in 62% and sum of insulins \> 300 μU/mL in 100% patients. In agreement with that, Quicki was below 0.339 in 86% of the patients, the cut-off reported in adult studies and proved in our control group (0.34±0.2).

Prediabetes
-----------

We have completed oGTT in 72 (84.7%) obese patients and 15 (88.2%) patients in the control group. In the obese group 7 patients did not agree to oGTT and in 6 patients (2 in the control group) some data were missing due to technical difficulties.

In the obese group 45 (62.5%) and in the control group 15 (100%) patients had normal glucose tolerance (NGT). Isolated impaired fasting glucose (IFG) was present in 10 (13.9%), impaired glucose tolerance (IGT) in 15 (20.8%) and combined IFG and IGT only in 2 (2.8%) obese patients. None of the patients had silent diabetes. Data are presented in [Figure 1](#f1-jomb-2014-0062){ref-type="fig"}.

Data for patients with IFG and/or IGT are summarized in the prediabetes group ([Table II](#tII-jomb-2014-0062){ref-type="table"}).

Patients in the prediabetes group were older (14±2.4 vs 12.8±2.4, p=0.05) and in later stages of puberty, predominantly females (51.9 vs 31.1%, p=0.08) and had higher HOMA values (5.3±2.3 vs 4.3±4.1, p=0.007) compared to the NGT group. There was no difference between the groups for family history, BMI, lipids, fasting insulin, and FGIR. Fasting and all glucose levels during the whole oGTT were significantly higher in the prediabetes group compared to the NGT group (p\<0.001) ([Table II](#tII-jomb-2014-0062){ref-type="table"}). IGI, WBISI, Quicki and HOMA%B were significantly lower in the prediabetes group compared to the NGT group (p=0.07, 0.01, 0.02 and 0.04 respectively). HbA1c level was measured in 58% of the patients and was significantly higher in the prediabetes group (5.4±0.3 vs 5.7±0.4, p=0.002) ([Table II](#tII-jomb-2014-0062){ref-type="table"}).

Discussion
==========

The aim was to study obese patients who have an additional risk of insulin resistance in puberty. Therefore, we recruited only obese patients at minimum the Tanner 2 stage of puberty and compared them with normal weight controls. The mean age of our patients was comparable to previous reports but, interestingly, we have male predominance in the obese group (1.4:1) similar to that reported in a Korean group, which differs from the previous reports of female predominance (1.4:1) ([@b8-jomb-2014-0062], [@b24-jomb-2014-0062]--[@b28-jomb-2014-0062]).

We found that the group of more obese adolescents was more insulin resistant, which was demonstrated by higher insulin and HOMA values. It was confirmed during the oGTT, because the whole group had insulin sum over 300 ([@b29-jomb-2014-0062]). We did not detect any patient with silent T2DM and found combined IFG and IGT in only 2 (2.28%) patients. But, isolated IFG or IGT were present in 10 (13.9%) and 15 (20.8%) patients respectively. The reason for this high percentage may be the degree of obesity in our group (mean BMI SDS = 3.0±0.9) accompanied with IR due to puberty ([@b12-jomb-2014-0062]). Also, insulin sensitivity, measured by the Matsuda index, was lower in the prediabetes group and this is in agreement with previous reports ([@b8-jomb-2014-0062]). We did not detect a difference in BMI between the prediabetes and NGT groups, in accordance with previous reports that suggested obesity alone is not enough to cause impaired glucose regulation ([@b27-jomb-2014-0062]). Earlier reports showed decreased IGI and HOMA%B in patients with impaired glucose tolerance ([@b24-jomb-2014-0062], [@b27-jomb-2014-0062]). In addition, in our group of obese patients glucose levels, IGI and HOMA%B were significantly different between the prediabetes and NGT groups. It may suggest that those patients already have reduced insulin secretion, and are at greater risk to develop type 2 diabetes. The adult literature suggests HbA1c as a screening tool for prediabetes. The advantage of its use in the pediatric population would be: avoidance of fasting, availability of capillary testing and rapid result reporting. Reports from pediatric literature are conflicting; some authors suggested 5.8% for the cutoff, but it was not confirmed in the Caprio studies ([@b26-jomb-2014-0062], [@b30-jomb-2014-0062]). Although in our study HbA1c was not available for all patients, it was significantly higher in the prediabetes group, suggesting that it might be a good screening criterion in a selected group of adolescents.

The biggest limitation of our study is the small sample size. In this prospective study we recruited patients during 3 consecutive years and this report presents the majority of patients investigated for obesity. Unfortunately, we were not able to obtain all HbA1c data and perform oGTT in all the patients, which might influence our results. The patient population is a highly selected group of obese patients referred to our obesity clinic. The prevalence in the whole population of Serbia cannot be extrapolated.

We report a high percentage of impaired glucose regulation in the obese pubertal patients screened at our obesity clinic. Furthermore, increased insulin resistance but also impaired insulin secretion were verified with oGTT. This demands our timely action in the prevention and treatment of obesity in children. More studies are needed to help us to better understand the pathophysiology of progression from obesity to prediabetes and diabetes.

**Conflict of interest statement**

The authors stated that they have no conflicts of interest regarding the publication of this article.

BMI

:   Body Mass Index
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![Patient flowchart.\
NGT -- normal glucose tolerance, IFG -- impaired fasting glucose, IGT -- impaired glucose tolerance](jomb-2014-0062f1){#f1-jomb-2014-0062}

###### 

Baseline characteristics according to the degree of obesity.

                                 Obesity       Normal weight (\<1.5 SDS)   Kruskal--Wallis χ^2^ test   
  ------------------------------ ------------- --------------------------- --------------------------- ---------------------------
  N                              44            41                          17                          
                                                                                                       
  Age (years)                                                                                          
   Mean (SD)                     13.5 (2.4)    12.9 (2.8)                  4 (2.24)                    0.315
   Range                         7.4--18.3     8--17.9                     11--17.8                    
                                                                                                       
  Gender                                                                                               
   Male                          24 (54.5%)    26 (63.4 %)                 10 (58.8%)                  Pearson χ^2^; p=0.080
   Female                        20 (45.5%)    15 (36.6%)                  7 (41.2%)                   
                                                                                                       
  Birth Weight (kg)                                                                                    
   Mean (SD)                     3.5 (0.6)     3.3 (0.5)                   3.5 (0.5)                   0.2307
   Range                         1.6--4.9      2.2--4.7                    2.4--4.0                    
                                                                                                       
  Age at obesity start (years)                                                                         
   Mean (SD)                     6.3 (4.6)     5.5 (4.6)                   na                          0.5302
   Range                         1--13         1--16                                                   
                                                                                                       
  FH of T2D                      61%           51%                         NA                          Fisher Exact Test; 0.2622
                                                                                                       
  Waist Circumference (cm)                                                                             
   Mean (SD)                     97.8 (11.2)   107.6 (12.3)\*              NA                          0.008\*
   Range                         80--120       87--131                                                 
                                                                                                       
  BMI (kg/m^2^)                                                                                        
   Mean (SD)                     29.3 (3.3)    36.1 (5.2)\*                21.9 (2.9) \*               \<0.001\*
   Range                         22.5--34.78   27.4--50                    17.6--28                    
                                                                                                       
  BMI SDS                                                                                              
   Mean (SD)                     2.3 (0.4)     3.8 (0.6)\*                 0.7 (0.7)\*                 \<0.001\*
   Range                         1.5--2.88     3.0--5.6                    −1.3--1.4                   
                                                                                                       
  Puberty                                                                                              
   Early (T 2--3)                22            22                          8                           Pearson χ^2^; 0.8872
   Late (T 4--5)                 22            19                          9                           
                                                                                                       
  Fasting glucose (mmol/L)                                                                             
   Mean (SD)                     4.86 (0.7)    4.79 (0.65)                 4.82 (0.55)                 0.6300
   Range                         2--6.2        3.5--6.7                    3.7--5.9                    
                                                                                                       
  Fasting insulin (μU/mL)                                                                              
   Mean (SD)                     17.2 (7.4)    25.2 (20.6)\*               11.9 (6.7)\*                0.004\*
   Range                         5.3--39.7     9.5--140.4                  5.5--29.2                   
                                                                                                       
  HOMA--IR                                                                                             
   Mean (SD)                     3.7 (1.7)     5.4 (4.4)\*                 1.7 (0.9)\*                 0.01\*
   Range                         0.9--9.0      1.9--29.0                   0.7--3.7                    
                                                                                                       
  CRP (mg/L)                                                                                           
   N (%)                         32 (72%)      34 (83%)                    10 (59%)                    0.001\*
   Mean (SD)                     3.1 (1.3)     6.3 (5.0)\*                 3.3 (1.0)                   
   Range                         1.5--6.3      1.2--24.8                   4--2                        

NA -- not available, na -- not applicable, SDS -- standard deviation score, FH -- family history, T2D -- type 2 diabetes, HOMA-IR -- homeostatic model assessment, CRP -- C reactive protein (NV \< 3).

###### 

Clinical and biochemical characteristics of obese adolescents with normal glucose tolerance (NGT) and prediabetes.

                             Normal glucose tolerance mean (SD)   Prediabetes mean (SD)   P value
  -------------------------- ------------------------------------ ----------------------- ------------
  N (%)                      45 (62.5%)                           27 (37.5%)              
                                                                                          
  Age (years)                12.8 (2.5)                           14.0 (2.4)              0.0435\*
                                                                                          
  Gender                                                                                  
   Male                      31 (68.9%)                           13 (48.1%)              0.0805\*
   Female                    14 (31.1%)                           14 (51.9%)              
                                                                                          
  BMI (kg/m^2^)              31.9 (4.8)                           33.6 (6.2)              0.2919
                                                                                          
  BMI SDS                    3.0 (1.1)                            2.9 (0.8)               0.5337
                                                                                          
  Puberty                                                                                 
   Early (T 2--3)            17                                   10                      0.0382\*
   Late (T 4--5)             28                                   17                      
                                                                                          
  Fasting glucose (mmol/L)   4.4 (0.6)                            5.3 (2.3)               \<0.0005\*
                                                                                          
  Glucose 30 min (mmol/L)    7.0 (1.3)                            8.7 (1.3)               \<0.0005\*
                                                                                          
  Glucose 60 min (mmol/L)    6.1 (1.6)                            8.8 (1.9)               \<0.0005
                                                                                          
  Glucose 90 min (mmol/L)    5.8 (1.2)                            8.0 (1.9)               \<0.0005\*
                                                                                          
  Glucose 120 min (mmol/L)   5.4 (1.0)                            7.7 (1.8)               \<0.0005\*
                                                                                          
  Fasting insulin (μU/mL)    21.5 (19.7)                          22.6 (10.0)             0.2145
                                                                                          
  HOMA                       4.3 (4.1)                            5.3 (2.3)               0.0070\*
                                                                                          
  IGI (μU/mg)                4.0 (2.9)                            2.1 (1.6)               0.0009\*
                                                                                          
  QUICKI                     0.32 (0.04)                          0.31 (0.04)             0.0194\*
                                                                                          
  WBISI                      3.1 (1.9)                            1.9 (0.9)               0.004\*
                                                                                          
  HOMA %B                    208.7 (63.6)                         176.0 (59.2)            0.0420\*
                                                                                          
  HbA1c                      5.4 (0.3)                            5.8 (0.4)               0.0014\*
  N                          26 (57.7%)                           16 (59%)                

SDS -- Standard deviation score, IGI -- insulinogenic index, HOMA%B -- HOMA-derived β--cell function, WBISI -- Whole Body Insulin Sensitivity Index.
